Introduction
Frailty is defined as an ageing-related state, resulting from a decrease in physiological reserves of multiple systems, which increases vulnerability to stressors (Clegg et al. 2013 ).
Based on this theoretical basis, multiple operational definitions of frailty have emerged, the most famous being the frailty phenotype (Fried et al. 2001 ) and the Frailty Index (FI) (Rockwood et al. 2005 ). The former is based on a set of five criteria exploring physical strength, physical activity, nutrition, mobility and energy, while the latter is a count of up to 70 deficits including the presence and severity of current diseases, ability in activities of daily living and physical signs from clinical and neurologic exams (Cesari et al. 2014) . Whatever the definition of frailty, it is a predictor of adverse health outcomes, such as falls, institutionalisation, and mortality (Shamliyan et al. 2013 ).
As such, frailty has become a major issue in the prevention of functional decline and disability in aged populations (Bergman et al. 2007) . The range of possible interventions is large and includes improvements in the management of chronic conditions, increased physical activity, and nutritional skills (Morley et al. 2013) . The great majority of the experts now agree on the relevance of detecting frailty as early as possible in order to implement corrective and/or preventive actions to delay disability in the frail old population (Rodriguez-Manas et al. 2013) .
In this context, times issues are essential. How large is the window for action, i.e. the period of time during which frailty can be detected and corrective/preventive actions implemented? The few longitudinal studies with repeated measures of frailty over time do not answer this question, either because they describe the gradual evolution of old people over time with FI derived from repeated geriatric evaluations (Marshall et al. 2015; Mitnitski et al. 2007; Yang and Lee 2010) , or because time intervals between phenotypic frailty measures are 4 too long, at best 18 months (Dapp et al. 2014; Gill et al. 2006; Lee et al. 2014; Shardell et al. 2012; Xue et al. 2008 ).
In the absence of longitudinal data about frailty with very close intervals between measures that would allow the estimation of the duration of frailty, Romero-Ortuno et al suggested to calculate life expectancy in the state of frailty by using the Sullivan method (Romero-Ortuno et al. 2014) . Health expectancy is the number of remaining years, at a particular age, which an individual can expect to live in a healthy or unhealthy state (Robine et al. 2013) . Although longitudinal information is theoretically required to estimate the incidence of health states and thus calculate health expectancies, the Sullivan method is of particular practical interest as it is usable in cross-sectional designs. Data required are the sexand age-specific prevalence of each health state in the population and mortality information . The Sullivan method has been used to analyse health priorities and notably to estimate disability-free life expectancy (Manton et al. 1993) . Of note, the Sullivan method does not require assumption of a linear progression from frailty to functional disability.
Applying the Sullivan method to the data from the Study on Health, Retirement, and Ageing (SHARE), life expectancy in frailty at age 70 years was estimated to be 1.8 years on average for women and 0.7 year for men (Romero-Ortuno et al. 2014 ). To our knowledge, this first calculation of life expectancy in the state of frailty has not been replicated in other settings.
Using the Sullivan method, this study aimed to calculate the time spent in each frailty state (robust, pre-frail, frail, and dependent) in men and women included in the SIPAF study, an observational study including a large proportion of very old people in France.
Methods

5
Study design and sample
This work is part of a cross-sectional study carried out to characterize health and functional independence among people aged 70 and older (SIPAF study, French acronym for "Système d'Information sur la Perte d'Autonomie Fonctionnelle de la personne âgée").
Subjects were selected at random among participants in a supplementary pension fund, AG2R La Mondiale (Paris, France). The French pension system is composed of three levels: the basic pension, supplementary pension, and private pension. The system is based on solidarity between generations; active employees contribute to pay the pensions of their elders. In return, they are eligible for an old age pension. The supplementary pension is the second level of the pension system. Like the basic pension, it is mandatory and operates on the principle of "pay-as-you-go" (Herr et al. 2015) .
The selection of a random sample to be surveyed was centralized and performed by the actuary of AG2R La Mondiale. Using information about the geographic area of residence, the sampling method was designed to ensure the inclusion of participants from all regions of France excluding overseas territories, in rural as well as in urban areas. The sample selection was stratified by age group in order to include a larger proportion of oldest old aged 90 years and over than expected with a simple random drawing. Recruitment took place across France from 2008 to 2010, in 21 survey areas that were representative of all regions and sizes of cities in mainland France. Participants were interviewed at home by trained nurses. In 16.6% of the cases, a close relative was present to confirm or complete the answers of the participants. Information about non-participants included age, gender, and department of residence. Tertiles of departmental statistics were used in the analysis of participation: density of population, proportion of people aged 65 years and over, and median income in the population (www.insee.fr). The research protocol was approved by an independent ethics committee (permission n°060316).
6
Data collection
The interviews followed a standard procedure, starting with a questionnaire and ending by physical measurements.
Information was collected about self-rating of health, and chronic diseases. Chronic diseases were identified by reported diagnosis or treatment of 14 diseases, including asthma, allergies, diabetes, cataract, high blood pressure, heart attack, stroke/cerebral haemorrhage, chronic bronchitis/emphysema, rheumatoid arthritis/osteoarthritis, osteoporosis, gastric or duodenal ulcer, malignant tumour, migraines/frequent headaches, and chronic anxiety/depression. The number of drugs prescribed was determined from the prescriptions that the participants had at home. Polypharmacy was defined as 5 medications or more and excessive polypharmacy as 10 medications or more.
The geriatric assessment included measured height and weight and a question about unintentional weight loss (of 10% of body weight during the past 6 months), difficulty to walk up and down stairs, and difficulty to lift a bag weighing 5 kg. Cognitive impairment was defined as a Mini-Mental State Examination score of 26 or less (Folstein et al. 1975 ). The evaluation of activity limitations examined five activities of daily living (ADL) included in the Katz index (Katz et al. 1963) , i.e. bathing, dressing, toileting, transferring, continence and feeding, as well as instrumental activities of daily living (IADL) such as food preparation, the ability to use a telephone, housekeeping, shopping and the ability to manage one's finances (Lawton and Brody 1969) . Dependency was defined as the need of assistance with at least one ADL. Emotional status was assessed with the 15-item Geriatric Depression Scale (GDS-15) (Yesavage et al. 1982) .
The level of physical activity was assessed with the International Physical Activity Questionnaire (IPAQ) and three levels of activity were distinguished (low, moderate and high) according to time spent walking and doing moderate (for instance, carrying light loads, leisure bicycle ride, tennis) and vigorous activity (for instance, carrying heavy loads, digging, lifting a pack of 6 bottles or speed bicycle) during the past 7 days (Hurtig-Wennlof et al. 2010 ). The GDS-15 provided information about the renunciation of activities participants used to do ("Have you dropped many of your activities and interests"). Variables dealing with social support dealt with emotional features (lack of support when needing to talk, when needing an advice or when needing affection) and practical features (lack of support when bedridden, when needing to be accompanied to a medical appointment or when needing help to prepare meals). People were also invited to report elements of their environment that limit their activity (open question).
In addition to health variables, socio-demographic information was collected: age, gender, marital status, and level of occupation during midlife. Three levels of occupation were defined: low (blue-collar workers), intermediate (intermediate white-collar workers, employees, shopkeepers), and high (high-level white-collar workers). When possible, we assigned to housewives and people who had never worked the level of occupation of the spouse (4.2% of the study sample).
Frailty definition
Frailty was defined according to the construct derived from the Cardiovascular Health Study (CHS) (Fried et al. 2001) , in order to differentiate people in different categories of phenotypic frailty. Due to variations in health assessment between the SIPAF study and the CHS, some components of our operational measurement of frailty differ from the original definition. In particular, measures of grip strength and slow walking speed were replaced by self-reported variables, as previously done in other epidemiological settings (Castrejon-Perez et al. 2012; Theou et al. 2013) . The five frailty components were defined as follows: Frail persons were identified as having 3 or more of the 5 components. Persons having one or 2 of the 5 components were considered pre-frail. Because frailty is a precursor and etiologic factor in disability (Bergman et al. 2007; Cesari et al. 2014) , persons requiring assistance with at least one ADL were considered in an additional category. In cases where people met both the criteria for frailty and dependency, precedence was given to dependency.
Statistical analysis
Life expectancy in each state of frailty was calculated using the Sullivan's method.
Information about the prevalence of frailty came from the interviews that were conducted between 2008 and 2010 in the SIPAF study whereas information about mortality in France in 2009 was taken from the Human Mortality Database (Human Mortality Database). Health expectancies were calculated using an abridged life table (five-year intervals, from 70-74 years to 95 years and over) and standard errors of health expectancies were calculated according to the guidelines available on the Eurohex website ). The variance of mortality rates was ignored as it is classically negligible compared to the variance of the prevalence rates.
Analyses were performed using Stata® software (version 13.0) and Microsoft Excel®.
Results
Participation and characteristics of the study sample
A total of 2,350 people agreed to participate in the study (participation rate: 18.9%).
The main reasons for non-participation were the lack of interest in the study (28.3% of the non-participants), followed by a self-reported state of frailty (10.8%) and the refusal of a close relative (7.3%). At the departmental level, participation was better in low-populated areas and in departments where the population was ageing or had a lower standard of living. At the individual level, participation was higher among males and younger persons. The socioeconomic profile of the participants was comparable to national statistics, with about 12% of executives and higher intellectual professions within the national workforce in 1999 as in the SIPAF study (www.insee.fr).
The study sample consisted of 1,395 women (59.4%) and 955 men (40.6%), of mean age 83.3 +/-7.5 years. Among the 2,286 participants with data on all five dimensions of frailty (i.e. no missing) or with sufficient information to classify them in the frail category (i.e.
those having deficits in at least 3 criteria for frailty), 654 (28.9%) were robust, 893 (39.1%)
were pre-frail, 388 (17.0%) were frail, and the remaining 351 (15.4%) were considered dependent because they needed help with at least one ADL. Notice that 84.0% of dependent people also met the criteria for frailty, in line with our hypothesis that frailty often precedes disability. Table 1 describes the characteristics of the subjects according to their frailty state.
More than three quarters of the frail individuals reported a lack of energy, difficulty lifting a bag weighing 5 kg or a low level of physical activity. Lack of energy and low level of physical activity already affected 58.9% and 36.5% of the pre-frail individuals respectively.
As expected, there was a gradient between poor health and increasing frailty in different domains: self-perceived health, cognition, mood, functional abilities, chronic diseases, and polypharmacy. Social support also diminished with increasing frailty. When asked about elements of their environment that limit their activity, participants often mentioned inappropriate bath facility and stairs. 1.0-1.5) for men. Life expectancy in pre-frailty was 7.4 years (95%CI: 6.9-7.9) for women and 6.0 years (95%CI: 5.5-6.5) for men. Women were likely to spend 2.2 years more frail and 1.4 years more pre-frail than men. Pre-frailty lasted longer than frailty in men of every age and in women before age 90 years (up to five times the duration of frailty in men aged 70 to 74 years). Although men had shorter life expectancy than women, they were expected to live longer in a robust state compared to women.
Time spent in each frailty state
The relative importance of each state over time is presented graphically in Figure 1 . Of note, this figure illustrates how years spent dependent and frail concentrate at the end of life, whereas periods of pre-frailty and robustness are larger in younger ages, for both women and men.
Discussion
Using the Sullivan's method, this study combined cross-sectional health data with period life tables to estimate age-and sex-specific life expectancy in each state of frailty. At age 70 years, women were expected to live 3.4 years in frailty (95%CI: 3.0-3.8) and men 1.2 year (95%CI: 1.0-1.5). Before that, they were expected to stay pre-frail much longer, 7.4 years (95%CI: 6.9-7.9) for women and 6.0 years (95%CI: 5.5-6.5) for men.
Applying the Sullivan method to the data from the SHARE study, Romero-Ortuno et al estimated life expectancy in frailty at age 70 years to 1.8 year for women and 0.7 year for men on average (Romero-Ortuno et al. 2014) . Although higher, our estimates still stand within the range of values found across the different European countries included in the SHARE study, i.e. 0.4 to 5.5 years for women and 0.1 to 1.8 years in men. Furthermore, the ratio of the duration of frailty between women and men was comparable between the two studies: 2.6 in SHARE and 2.8 in SIPAF. In accordance with Romero-Ortuno et al, we distinguished disabled people from frail people. However, we defined disability as the need of help in at least one ADL whereas Romero-Ortuno et al identified disabled people as those reporting severe activity limitation. Our definition of disability may be more objective but also more stringent, explaining why we found lower life expectancies in disability compared to the SHARE study (2.4 versus 5.7 years for women and 1.2 versus 3.6 years for men at age 70). Furthermore, our results concerning life expectancy without dependency were consistent with those from previous studies in France, which reported that life expectancy at age 65 without severe disability represented 86% to 91% of total life expectancy for men and 80% to 86% for women (Cambois et al. 2008 ).
Our estimate of the time spent in the pre-frailty state was about 40% of total life expectancy for both women and men, which is largely higher than previous estimates from the SHARE study where life expectancy in the pre-frail state represented 22% of total life 12 expectancy at age 70 years for women and 13% for men. The Sullivan method is sensitive to the definition of health states and our results should be interpreted with regards to the definition of frailty we used. Differences in the assessment of frailty may explain why we had a higher estimate of the years spent in pre-frail state in our study sample, at the cost of the estimated years lived robust. in our study sample. The SIPAF study assessed the same five dimensions as the SHARE study but involved trained nurses and used different tools to estimate the prevalence of each criterion. Notably, the wording of the questions we used to asses exhaustion may explain why this criterion was highly prevalent (almost half of the study sample). Furthermore, the use of self-reported difficulties climbing stairs or carrying a heavy bag instead of performance measurement may overestimate the prevalence of deficits in the strength and mobility criteria in the SIPAF study.
We confirm the sex differences in health expectancy observed in the SHARE study.
Frailty is known to be more prevalent in women than men; in the meta-analysis by Shamliyan et al (Shamliyan et al. 2013) , the pooled prevalence of the frailty phenotype was 13% in women and 7% in men. The fact that women live longer whereas they bear a larger burden of health deficits than men is designated as the "male-female health-survival paradox" (Oksuzyan et al. 2010) , Explanatory factors involve social, behavioural, and biological factors, whose influence may vary throughout life (Alvarado et al. 2008) .
From a public health perspective, frailty is a useful outcome to target comprehensive assessment and geriatric interventions. Our results highlight the potential interest of pre-frailty in terms of prevention. First, the pre-frailty state offers a larger time window for action compared to the frailty state. Second, our results indicate that a number of pre-frail subjects are already characterised by polypharmacy, lack of energy or depressed mood. Furthermore, a significant proportion of both robust and pre-frail subjects reported lack of social support and 13 renunciation of some activities. Furthermore, previous studies stressed that prevention may be more effective at the early stages of frailty (Gill et al, 2010; Puts et al, 2005) .
Main strengths of this study are its large assessment of geriatric health problems performed by trained nurses and the recruitment of a large number of people aged 90 years and over (n=512). In addition, participants were randomly selected among the 2,100,000
recipients of a supplementary pension fund with a sampling method designed to ensure the representativeness of the study sample with regard to regions of France. Nevertheless, we cannot exclude a participation bias due to the low participation, where participants were more likely to be healthy than persons who refused to participate in the study. Our comparative approach to the results of the SHARE study was limited by the fact that we did not use the algorithm developed to determine the frailty phenotype in men and women in the SHARE study (Romero-Ortuno et al. 2010 ). This algorithm uses coefficients which give different weights to the five dimensions of frailty. Because they were determined using close but different questions and in a younger population (mean age 64 years, i.e. approximately 20 years lower compared to the SIPAF study), the use of these coefficients was inappropriate in the SIPAF study. The Sullivan method is recommended for its relative accuracy compared to longitudinal measures. If the transition rates between health states are stable or gradually change over time, the Sullivan method provides fair estimates of the life expectancy in the various health states (Mathers and Robine 1997 
